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1.0 INTRODUCTION

1.1 BACKGROUND

Fluorescent Penetrant Inspection (FPI) is one of the most widely used

nondestructive inspection (NDI) methods within the Air Force Logistics Com-

mand's Air Logistics Centers and throughout the aerospace industry Many im-

provements in formulation of materials and in processing have been made over

the years, but the basic process has remained the same. Parts are cleaned

and dried, a fluorescent penetrant oil is applied and allowed to remain in the
part for a specified time, the excess penetrant is removed, the part is dried,

a developer is applied, and, finally, the part is inspected under black light.

Proper control over each step of the process is required to obtain the most

satisfactory results. Any improvement in the process that would provide for

better control and/or reduced processing time while still maintaining or im-

proving sensitivity would be of benefit to all users. The development of a
powder penetrant by the Air Force Materials Laboratory represents a potential

unique change in the penetrant process that has the possibility of providing

such benefits.

1.1.1 Discussion of FPI Variables

There are many variables associated with the FPI process. It is important

to understand the effect of each of these in order to determine the impact of a
significant change in the process such as that represented by the use of a

powder penetrant. In the following paragraphs each of the major process vari-

ables will be discussed relative to the potential effects that a powder pene-

trant was expected to create.

Part Surface Condition - As a result of the prior history of the part

the surface condition will vary widely. Sand casting, for example produces

rough surfaces which have the result of making excess penetrant removal quite

difficult. Structures that are positioned in the gas stream of a jet engine

or are exposed to high temperatures frequently have the surfaces roughened

so that the same problem is encountered. In the conventional penetrant pro-

cess it is necessary to control the penetrant removal very carefully so that

excess penetrant is removed to the extent that nonrelevant indications due to

penetrant trapped in pockets of surface roughness are kept to a minimum. At

the same time the removal process must not be so aggressive that penetrant

will be removed from the defects that are being sought.

A dry penetrant powder should have the advantage of not adhering to a stir-

face simply because it is rough since there is no surface "wetting" as that

which is experienced with a liquid penetrant.

I



At the opposite extreme of surface conditions is the highly polished
surface. This surface has the effect of making it difficult for the liquid
penetrant to adhere for the full required dwell time. Thus penetrant may
.ecede from areas that contain defects before it has time to be drawn into
them and the defects will not be found. Again, since the powder penetrant
does not rely on wetting and capillary action to enter a flaw it should have
had potential advantages.

Part Material - In addition to the surface condition of a part the ac-
tual material from which it is made can affect the FPI system's effectiveness.
The primary alloy bases used in the aircraft industry include magnesium, alumi-
num, iron, cobalt, nickel, and titanium. GE-AEG has performed studies to
measure capability of different pentrant processes on most of these alloy
bases. It has been demonstrated at a high level of statistical confidence
that there is no difference in a given process' capability when used on nickel-
or iron-base alloys for example. Conversely, it was also demonstrated that
the identical processes were significantly less capable of detecting flaws on
a titanium-base alloy. This phenomenon appears to be related in part to the
wetability differences between the alloys since surface finish was identical

on all test specimens.

Since the powder penetrant process would not rely on wetabilitv to detect
flaws it could have an advantage over the conventional process.

Precleaning - A key element in the FPI process that affects reliability
is the precleaning of parts and their surface preparation. Methods of cleaning
will be determined by the history of the part and may differ significantly be-
tween newly manufactured parts and engine run parts. Both part categories may
require detergent steam cleaning, vapor degreasing, grit blasting, ultrasonic
cleaning or acid etching. In addition engine run parts may also require the
use of desmutters, derusters, descalers, and fluoride ion cleaning. In asses-
sing the effectivnesss of a cleaning procedure it is important to determine
that it not only provides a clean appearance but also does in fact remove in-
terferring matter from defects. It is equally important that the cleaning
method does not of itself mask over defects.

Good cleaning methods will still be required to achieve the benefits of
powder penetrants.

Penetrant Dwell Time - The basic mechanism that lies behind the use of
conventional FPI is the ability of a liquid to be drawn into a narrow opening
through capillary action. When a flaw is very tight the rate at which a pene-
trant enters is apparently severely reduced. Thus lengthy dwell times are Fre-
quently required on parts that are subject to flaws of this nature. When large
quantities of parts are being processed long dwell times can require special
storage and handling facilities in order to provide sufficient dwell time.

The use of a powder penetrant of the correct particle size might elimi-
nate the necessity for dwell time since a flaw opening should be completely
filled immediately upon application of the powder.



Excess Penetrant Removal - After a penetr'ant has had sufficient time to

enter a flaw the excess must be removed from Lhe surface of a part so tiat the

flaw alone will fluoresce during inspection and be readily detectabl, against

a nonfluorescing background. Present liquid penetrant systems are removed by

water alone if the formulation is a water washable one or by emulsification or

hydrophilic removal if it is a post emulsifiable type penetrant. In either

case the removal process must be performed under carefully controlled conditions
to achieve complete excess penetrant removal without removin. penetrant from

the flaws. This requires control of several variables inclu ing eniisifi-,r or

remover concentration, the time of contact with emulsifier/rmover, the tem-

perature of the fluids, the pressure of removers and rinse water is they are

sprayed on, and the length of tle water rinse time.

Since the AFML feasibility studies have indicated that powder penetrant

particles are firmly wedged in 1iaw openings but not tightly adherent to the

overall surface of a part, this ihould facilitate removal of the excess lmne-

trant.

Part Drying - The present conventional penetrant process requires a dry-

ing step since water is used in all mass production applications. Drying, is

required to remove excess moisti re prior to developing if a dry powder is used

or after developing if a water ,)luble developer is used. Studies conducted

by GE-AEG have shown that both tne drying temperature and time must be care-

fully controlled or fluorescent brightness of indications will be diminished.

A dry penetrant powder that could be removed by a dry process would elimi-

nate the need for a drying step in the penetrant process.

Developers - Developers ark employed in the conventional penetrant process
to draw penetrant from indications so that they will fluoresce more brightly

while still retaining their basi- shape and thus be more visible to the in-

spector. A developer is required to improve visibility of flaws bcause in

the conventional process some of the penetrant is usually removed 'om the

flaw opening during the emulsification and rinsing procedures. Dr powder

developers consisting of fineiy divided absorbent particles are used in most

aerospace applications. Aqueous wet developers which are either solutions or

suspensions in water of materials that are highly absorbent after dr'o'in:, ;irO

usually used where less sensitivity is required. A nonaqueous wet developer

(NAWD) consists of highly absorbent materials suspended in an organic solvent

and is used when surface roughness allows and when the highest level of sensi-

tivity is required. Improved sensitivity is accomplished with the NAWD since

the carrier fluid is an organic ;olvent that briefly contacts the penetrant

in a flaw, mixes with it, and subsequently draws it to the developer particles

on the surface. Selection of the type of developer to use depends mainly on

the criticality of the part being inspected as well as the anticpated diffi-

culty of detecting flaws which are not likely to occur on the part. Th, ultra

high sensitivity achieved by NAWD is not always necessary when inspecting air-

craft engine parts and in some cases may not be desirable due to the higher

level of fluorescent background which NAWD causes on rough surfacn:_.



Since a penetrant powder will be held at the surface of a flaw after it

is applied and will not be removed during the excess penetrant removal pro-

cess there would be no need for a developer under most circumistances. flowevr,

It is possible that sensitivity of this system could be improved even furtler,

if desired, by using a developer that would dissolve the powder penetrant cap-

sule wall and broaden the indication to create a larger area of fluorescence

and thus make it more visible.

1.2 OBJECTIVE

The purpose of this program was to evaluate the merits and shortcomings

of encapsulated penetrants, (penetrant powders) with the objective of demon-

strating equivalence of such a penetrant powder system to a conventional MIL-I-

25135 Group VI penetrant system. The initial emphasis was directed toward the

evaluation of penetrant powder process variables in order to establish a simu-

lated production mode procedure. Later work was directed toward comparison of

the penetrant powder system with a conventiona. penetrant system in a simulated

production mode penetrdnt inspection line.

1.3 SCOPE

I lhi:' I I mouth tt.nli icll t'ltort. w;kc; .xpctcd to r -'utIIt ini ilI-\c h IK hTho t .

and understanding of a powder penetrant system that had been developed by the

Air Force Materials Laboratory (AFML). This improved knowledge was used to de-

fine the powder penetrant process capability and procedures for use of a powder

penetrant system in a production line mode of operation. Consideration was

given to the applicability of this new system to inspection of engine-used

hardware as well as newly manufactured hardware.

The program consisted of four phases. The primary emphasis of Phase I

was to demonstrate the sensitivity of penetrant powders using MIL-I-25135 sen-

sttivity groups as a frame of reference. Phase It was directed toward develop-

ment of powder application techniques. The emphasis of Phase III was on excess

penetrant powder removal techniques. Finally, in Phase IV, the penetrant pow-

der process was compared with a conventional penetrant process in a simulated

production inspection line mode.

1.4 PROGRAM APPROACH

1.4.1 Phase I - Demonstrate Powder Penetrant Sensitivity

In Phase I, GE was involved in tasks related to the selection and screen-
ing of candidate materials for microencapsulation, preliminary production of

microencapsulated materials, and finally, the measuring of the sensitivity of

a microencapsulated fluorescent penetrant inspection system. In selecting

candidates I - encapsulation since the microencapsulated penetrants do not

need to exhibit the typical characteristics associated with liquid penetrants

such as wetability, primary consideration was given to brightness and ease of

- - .. . "" "



encapsulation. Since it is possible that the sensitivity of the penetrant

process could be further improved through the use of materials that fluoresce
more brightly than currently available penetrant formulations other materials

such as penetrant concentrates and single fluorescent dyes were evaluated.

Prior to actual demonstration of the sensitivity of the microencapsulated

penetrants it was necessary to evaluate the effects of varying capsule para-

meters. To do this laboratory quantities of microencapsulated penetrants were
manufactured consisting of two different penetrants, two size ranges, and two
wall thicknesses.

After evaluation of application, removal and developer techniques as de-
fined in Phases It and III of this program the sensitivity of the microencapsu-

lated penetrant was measured. The measure of sensitivity was based on perfor-
mance of the microencapsulated penetrant on 16 low cycle fatigue Inconel 718
and Titanium 6-4 test specimens supplied by the Air Force as well as on actual
engine hardware with varying types of discontinuities. These results were com-

pared with the conventional MIL-1-25135 Group VI liquid penetrant on the same

test specimens in its normal mode of application.

1.4.2 Evaluate Application Techniques

The microencapsulated penetrant produced during Phase I was used for
evaluation of application techniques. Due to time constrictions these tech-

niques were limited to pressurized methods since these held the most promise
for success. Variables included in the evaluation were spray distance and

pressure, impingement angle, capsule size and wall thickness, spray pattern,

spray time, and le ctr.tatic versus conventional spraying.

One of the most attractive potential features of a microencapsulated pene-
trant system was the possibility of nearly 100% recovery and reuse of the
overspray. Methods of recovering the overspray were investigated concurrently
with the task to evaluate application techniques.

As a result of the application technique evaluation and the sensitivity

evaluation a decision was made to produce a particular type and size of micro-
encapsulated penetrants. A pilot lot of microencapsulated penetrants was pro-
duced both as a test of the encapsulation process to produce a consistent
material and to provide sufficient material for later production mode line

testing. This was iiade to a specification based on the results of Phase I
evaluation and preliminary production experience.

1.4.3 Evaluate Removal and Developer Techniques

Althoutgh the microencapsulated penetrant system essentially uses a dry
material some part ic let) do adhere ' to il surface of test irts and crente an

objectionable background fluorescence. This adherence is due to various
factors including capsules bursting and releasing oil, compacting of the
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part ic les and e.|E-( trostat ic forces. TIi is excess fluortescent mater ia I must be
removed in order to produce ;an acceptable surface for inspect ion. In phase lMt
of the program, GE performed an evaluation of various removal techn iquies in-
cluding high pressure air, solvent dipping and brushing, and detergent dipping
and brushing.

Developers are used in conventional systems to draw out penetrant from
flaws and broaden the indications so that they are more readily detectable by
an inspector. Microencapsulated penetrants were not expected to respond to
developers in the usual mode of application since no fluid is present. Devel-
oping methods concentrated on ways of drawing the liquid penetrant from the cap-
sules.

1.4.4 Process Demonstration

Phase IV included the demonstration of both conventional liquid and micro-
encapsulated penetrant processes in a simulated production mode. The inspec-
tion rate capability, plus the estimated cost of inspection per part, was de-
termined. Environmental and health consequences of the microencapsulated pene-
trant technology were assessed from the standpoint of the project itself and of
future scale up to production quantities.

6
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2.0 DEMONSTRATE SENSITIVITY

2.1 SELECT CANDIDATE MATERIALS FOR ENCAPSULATION

2.1.1 Introduct ion

The first major task of the program was to obtain samples of l iquid fluo-
rescent penetrants and other fluorescent materials to use as candidates for
encapsulation. It was anticipated that the penetrant that was encapsulated
would also be used in its conventional liquid form for comparison of sensi-
tivity and in the production line comparison. A primary criterion for selection
was therefore a combination of high fluorescent brightness and excellent re-
movability. However, since conventional removability would not be a factor
in its use as an encapsulated material, brightness was an overriding factor.
Further, the encapsulating process itself is facilitated if the material
contains little or no surfactants.

With the above mentioned criteria in mind, each of the major penetrant
manufacturers who serve both the domestic and foreign aircraft industry were
contacted for recommended candidate materials. These manufacturers included
Uresco, Met-L-Chek, Brent Chemicals (Ardrox), Magnaflux, Turco, Sherwin, and
Oxy Metal Industries (OMI). Discussions were held with knowledgeable person-
nel of these companies and candidate materials were selected for preliminary
brightness and encapsulation tests. Of the seven manufact urers that were
contacted all but one responded with samples of penetrant material. Pene-
trants received were Sherwi-n Products' RC77, Ardrox's 985P3, Turco Products'

P6OB, Oxy Metal Industries' P6F-4, Met-L-Chek's FP-97, and Magnaflux's ZL22C
and ZL3OA.

The purpose of selecting additional materials is to explore the possi-
bilitv that a brighter penetrant, and therefore a more "seeable" penetrant,
might be manufactured in the encapsulated form than is possible in the con-
ventional liquid form. A major problem in increasing the brightness of con-
ventional penetrants is the inability to keep high concentrations of fluo-
rescent dye in solution while maintaining wetabilitv and removeability charac-
teristics. Since wetability and removeabilitv should not be factors in the
use of encapsulated penetrant the usual constraints on dye concentration would
not be felt. At the same time that penetrant suppliers were contacted for
candidate conventional materials, the subject of concentrates was also re-
viewed. Response to this request was much less enthusiastic. Only three
manufacturers supplied samples. Materials received were Sherwin Products'
LAB-B913 concentrate, Met-L-Chek's FP-97 concentrate, and Brent Chemicals
Corporation LT7q/9/144. H1owever, this last sample was received too late and
in too small a quantity for original brightness measurements and encapsulation.

7
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2.1.2 Encapsulating Ability

All initial work on developing a technique for encapsulating fluorescent
penetrants as well as all of the preliminary laboratory production of encapsu.-
lated penetrants was performed by Capsulated Systems, Inc., Yellow Springs,
Ohio. This work was initiated and supported by the United States Air Force
Materials Laboratory. Approximately half way through the program the Air
Force program manager, S. Allinikov, identified a second vendor (Djinni Indus-
tries, Dayton, Ohio) whom they felt could produce encapsulated penetrants of
sufficient quality for our purpose.

A key factor in determining which penetrants to use for encapsulation
is the ease of encapsulation. It was known from discussions with Capsulated
Systems that the ease with which a material encapsulates is dependent on its
composition. The following fluorescent materials were submitted to Capsulated
Systems, Inc. for encapsulation.

BIO-PEN-P6F-4
Zyglo ZL-22C and ZL30A
Dub l-Chek IIM-607 and RC-77
Dubl-Chek Lab. B913 (concentrate)
Ardrox 985P3
Met-L-Chek FP-97 and FP-97C (concentrate)
Fluro-Check P60B

Of these, only Zyglo ZL-30A and ZL22C, et-l,-Chek FP-97, and Dubl-Chek
RC-77 were encapsulated successfully.

In the encapsulation process an emulsion is first made whereby the pene-
trant is suspended in droplets of the required diameter. TIle encapsulation
media is then introduced and forms a covering around the droplets. The prob-
lem with the materials that did not encapsulate succ ssfullv was that the
droplets formed were either too large, or if small droplets did form, they
would quickly coalesce to form larger droplets. Capsulated Systems proposed
that with additional experimenting, these materials could he succssl lv e n-
capsulated; however, the cost would be greater. Due to constraints of pro-
gram timing and cost this was not pursued any turther.

Approximately half way through the program Djinni Industries did e icapst-
late a single fluorescent dye from Da-Clo. Although it was not in soft icient
quantity to spray and was too late in the program to effectively evaluate,
the fact that materials other than penetrants can be encapsulated leads to the
pos.3ible formulation of much cheaper, brighter, and versatile fluorescent
penetrants.

2.1.3 Brightness Measurements

An important factor in select inp a (rouap VI penetrant for encapsulat ing
was a high fluorescent brightness. Silc'e the pent'trant is to be encapsulated
other factors such as removahi I itv and wo'talli litv wrt, not ,o:s idervti m,'ean-
ingfu I i



Using an 11,700/760/780 Spect rorad iometer System from Internat ional Light
the intensity of I ight emitted by the penetrants was measured at wavelengths
from 2500A to 8000A in IOOA increments. This range includes
the tapper ultraviolet, the visual and lie near infrared regions. The test
specimen was a I .5-inch diameter shallow container with approximately a 118
inch layer of encapsulated material completely covering the bottom. IIIt ra-
violet lamp output measured at test specimen with a J221 black ray meter was

held constant at 1000 microwatts per square centimeter. Distance from speci-

men to lens was six inches. A setup of the system is illustrated in Figure
I. Results for each penetrant successfully encapsulated are illustrated in
Figures 2 through 7. It is interesting to note the similarity of spectral
distribution for all the encapsulated materials. This may imply that all
major penetrant manufacturers use the same basic dye or combination of dyes.

The reason for this may be that this dye or dyes provide adequate brightness

and have the capability to be easily put into a solution containing the

required characteristics of a fluorescent penetrant, i.e., wetability, vis-
cosity, surface tension, renlovabilit\v, etc. Since theCS restraints do not
apply to encapsulated penetrants, there is the possibility of encapsulating a
dye that has super'or brightness but which lacks other requirements necessary
in liquid penetrants. The table below lists the maximum brightness in the

visual range of each penetrant after encapsulation.

ZL-30A (Batch 80-9) 675 x 10 - 1 0 W/cni

ZI.-30A (Batch 80-25) 460 x 10 - 1(0 W/,r'2

ZI.-22C (Batch 80-27) 584 x 10 - 1 0 W/cm 2

RC-77 (Batch 80-26) 323 x 10-10 W/cn

FP-97 (Batch 80-21) 317 x 10 - 1 0 W-1c"

FP-97 (Batch 80-28) 298 x 10-10 W/cm"

The difference between batches 80-9 and 80-25 of the ZL-30A and 80-21

and 80-28 of the FP-97 is that batches 80-25 and 80-21 were encapsulated by
a different process which would make the capsules more impervious. Ilowever,
in the case of the ZI.-30A it also significantlv reduced the brightness of the
penet rant.

Spectral distribut ions of liqu, id unencapsulatetd ZI,30A is shown in Figure
8. As can b seen, the response of the l iqtiid material is similar to that of
the encapsil ated materiat in all regions except this infrared where the encap-
sulated material peaked at 760A and then declined in brightness. Spec-
tral distribution of all other liquid materials tested was similar to that of
ZI,3OA with the only difference being the brightness magnit, ide. There is a
significant drop in the brightness of the encapsulated materials when compared
with the unencapsulated materials; however, no attempt shot, ld be made to di-

rectly compare results since two different methods were required to hold tile
liquid and encapsulated materials. The test specimen for the liquid material

9 '~1
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was a 5.5 cm filter paper with four drops of penetrant that were allowed to
spread evenly. That for the encapsulated material has been previously de-

scribed.

2.2 PRELIMINARY PRODUCTION

Based on encapsulating ability and brightness two penetrants were se-

lected for further evaluation. These were ZL-30A and RC-77. ZL-30A dis-

played the best brightness characteristics of the penetrants encapsulated aid

was chosen for that reason. There was a difference in the manner that ZL-30A

and ZL-22C versus RC-77 and FP-97 were encapsulated. RC-77 and FP-97 micro-

encapsulated as single droplets, 1-5 microns, with little aggrEgation. Pene-

trants ZL-30A and ZL-22C formed small, loose aggregates, 2-8 microns in size,

after microencapsulation. Per Capsulated Systems, Inc., the flowability of

both ZL-30A and ZL-22C was much better than either RC-77 or FP-97. Thus, the

selection of ZL-30A and RC-77 provided an opportunity to look at and evaluate

the effects of brightness and flowability on the sensitivity of microencapsu-

lated penetrants.

To evaluate the effect of capsule size on sensitivity, the two penetrants

were requested to be encapsulated in a diameter range of 2-5 microns and 20-40

microns. Two microns is the smallest that the penetrants could be encapsu-
lated without having to be suspended in a water vehicle. Twenty to 40 microns
was ,stimated to be sufficiently larger to provide a good evaluation of the

effect of capsule site. The range of capsule diameters actually received from

capsulated systems was I to 4 microns with three microns being the aver;ige

for the small diameter capsules and 5 to 35 microns with 2( microns being the

average for the large diameter capsules.

Capsule wall thickness was expected to have a signifi ant effect oi sen-

sitivity of encapsulated penetrants. Thin-wall capsules although more )rone

to breakage should also be more flexible, allowing them to penet-ate cricks
smaller than the diameter of the capsules. Thick-wall capsules ilthougi less

flexible would also be less prone to rupture. To evaluate the efect of cap-

sule wall thickness each of the large and small diameter capsules were manu-

factured with a thin and thick wall. The size of the wall is determined by
the diameter of the capsule, thus, a thick wall for a small diameter capsule

would be sig,,ificantly smaller than for a larg, diameter capsule. The 2 to 4

micron capsules manufactured by Capsulated Systems had a thin wall of 0.074

microns and., thic:> wall of 0.09 microns; the '0 to 40 micron capsules had a

thin w.ll of 0.46 microns and a thick wall of '1.61 microns. Diameter of cap-

sules 'as measured by the vendor using a micro;cope in coniunction with a

grid. Capsule wall thickness is basically a calculated value and is dependent
on the caps,,le diameter and the ratio of core material to %,all material. The

equation for calculating wall thickness is

1118



T = B - A = B(I _ (  i 1)3

Where B = Capsule radius
A = Core radius

PR = Volume ratio of core to wall

2.3 SENSITIVITY MEASUREMENTS

2.3.1 Introduction

Following the manufacture of laboratory quantities of encapsulated pene-

trants, methods of applying, recovering, removing, and developing the encap-
sulated penetrants were evaluated. These will be described in sections three

and four. This led to the determination of the effect of process variables
on the sensitivity of an encapsulated penetrant system. Knowing these tf-
fects it was possible to measure and compare the sensitivity of an enca su-

lated penetrant system with a conventional liquid penetrant system. To de-
termine repeatability of the process each test was conducted three time;.

2.3.2 Selection of Test Specimens

Specimens used in measuring the sensitivity of the processes consisted

of the engine run and new production airfoils which were used throughout the
program for evaluating application and removal techniques. Also used to de-

termine sensitivity of encapsulated penetrants were the 16 low cycle fatigue
test specimens that the United States Air Force Materials Laboratory uses to
qualify MIL-I-25135 Group VIA and VIB penetrant svtems. Eleven of these

blocks are Inconel 718 and five are Titanium 6-4. All blocks have only one

crack except for serial numbers Q9 which has two and 94 which has three.

Crack size ranges from approximately 0.010 inch o ). 00)() inch.

In selecting the airfoil specimens for use in the program consideration
was given to the following factors: material, engine type, size of defect,
type of defect, surface condition, and manufacturing processes. Candidate
-arts were fluorescent penetrant inspected via the conventional liquid method.

Fifteen specimens were selected for use in the program. These consisted of
the following:

TF34 Compressor blade rough forgings (2)
TF34 Compressor blades finish machined (2)
TF34 Stage 2 High Pressure Turbine blade - Engine Run

J79 Stage 1 Turbine blade
J79 Stage 2 Turbine blade
TF39 Compressor vane
TF39 Compressor blade
TF39 Stage 2 High Pressure Turbine blade

TF39 Stage I High Pressure Turbine blade (2) - Engine Run
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F 01' Ci,)ip r ssr h.I

Fine cracked hromne par; ' 1 -I'7424

Coarse cracked chrom, pant, I -('121

Materialc; represented by tie above hardware inc I ude nicke 1-base cast-
ings, and titanium and Inconel forginpgs. Indications included grinding

cracks, fatigue cracks, microshrinkage, forging laps, and cold shuts. Size
of indications ranged from 0.010 inch to 1.00 inch.

2.3.3 Systems Compared

In qualifying a fluorescent penetrant system the candidate materials
must be tested back-to-back, using the same specimens, with a baseline
penetrant system which has already been qualified for that particular group.
Since ZI,30A was used as an encapsulated penetrant and since ZL3OA had already
been qualified as a 'IL-1-25135 Group VIB penetrant, it was decided to luse

this as the baseline system. All parts were inspected three separate times
using Z..30A I)eih'ntrancL with a dwell time of 30 in nutes, a oa11 in iuute prcrinse
with 600 F water at 20 psi, and a 30 second agitated dip in 5% solution of
ZRIOA remover. Parts were then post-rinsed using 700 F water at 40 psi and
dried in a 150 ° F oven for approximately 15 minutes. D499C developer wis

then applied and parts inspected following a seven minute dwell time. ro
assure all oil from discontinuities was removed after each inspection the
parts were placed in an ultrasonic cleaning tank containing 1-1-1 trichloro-

ethane for a minimum of one and one-half hours. Ultrasonic agitation was
used for 45 minutes of this total time.

Based on results from Phases II and III of the program where application,

removal and developer techniques were evaluated the following parameter, were
used to measure the sensitivity of encapsulated penetrants: encapsulat, d
ZL30A penetrant, 20-40 micron diameter, thick wall, 80 psi spray pressue,
two inches from spray gun to part, direct spray, and a wide spray patte n.

Excess penetrant was removed from the surface of the part by wiping with a
mild detergent solution and rinsing with 70* F water at 40 psi. Parts were
then dried in a 1500 F oven for approximately 15 minutes. D499C developer
was then applied and parts inspected. A DeVilbiss MBC spray gun with a MBC-

496-C fluid needle and an AV-641-AC air cap was used to spray the encapsulated
penetrant on the parts. To assure that all capsules were removed from the
discontinuities the parts were submerged in a bath of methyl alcohol for ap-
proximately one hoair. Methyl alcohol breaks down the capsule walls making
penetrant removal possible. To further assure that no for ign substance was

left in the discontinuities the specimens were then ultrasonically cleaned
with 1-1-1 trichloroethane for one-half hour.

2.3.4 Statistical Results

Tables I and 2 summarize the data for both the low cycle fatigue blocks
and the airfoil specimens. Photographs of indications found by the encapsu-
lated penetrant method are included in Figures 9 through 39.
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In the low cycle fatigue blocks, the conventional ZI.30A liquid penetrant
process found a total of 55 out of a possible 57 finds and the encapsulated
ZL30A penetrant found 56. Both misses by the liquid process and the one miss
by the encapsulated penetrant process were of the same defect. When this de-
fect was found it only measured a length of 0.010 inch. With the airfoil

test specimens, the liquid penetrant process found 58 and the encapsulated
penetrant 59 cracks. This difference of one missed indication in each in-
stance is not statistically significant and, thus, based oi crack detection
there is no difference between liquid and capsulated penetrant sensitivity.

Table 1. Ildication Size of Liquid Versus Powder Penetrants.

BASELINE POWDER PENETRANT

BLOCK ZL3OA - ZR1OA - D499C ZL3OA - kO-4O - ThLck "all
S/N Material Run #1 Ran R2 Run #3 Run #1 Run #2 Ru:i #3

73 Inco 718 .090 .090 .080 .090 .080 .0o(
6 Inco 718 .030 .035 .030 .030 .030 .030
93 Inco 718 .080 .075 .075 .080 .075 .o8o
61 Inco 718 .070 .065 .060 .060 .060 .060
19 Inco 718 .045 .045 .045 .o45 .045 .0/ , 5
86 Inco 718 .090 .090 .090 .090 .OqO .0'0

77 Inco 718 .075 .090 .080 .080 .080 .0 5
67 Inco 718 .085 .090 .090 .080 .090 .000
13 Inco 718 .015 .015 .015 .015 .015 .015
83 Inco 718 .075 .080 .075 .075 .075 .0 5
37 Incao 718 .045 .045 .045 .0x5 .045 .0 5
83 Ti 6-4 .075 .070 .075 .075 .075 .0 5
45 Ti 6-4 .030 .030 .030 .030 .030 .O
17 Ti 6-41 .015 .015 .015 .020 .020
99 Ti 6-4 .030 .030 .030 .030 .030 .0')

•030 .030 •030 .030 .030 .0)0
94 Ti 6-4 .o45 .030 .)50 .050 .050 .050

.015 .015 .015 .015 .015 .015

.010 - - .010 .010 -

21
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Table 2. Indication Size of Liquid Versus Powder Penetrants.

PART BASELINE POWDER PENETRANT

S/N Run #1 Run #2 Run #1 Run #2 

4 .030 .030 .030 .030
.020 .020 .020 .020

1 .300 .300 .30 .28
3 -030 .020 .020 .020

.045 .o45 .045 .045
12 1.00 1.00 1.00 1.00

.65 .65 .70 .70
10 .30 .30 .30 .30
14 .40 .10 .4o .4o

.40 .40 .40 .40
15 .20 .20 .20 .20

.045 .045 .060 .045
- .o45 o45 .030

.24 .25 .26 .26
•47 .44 .45 .46
.35 .30 .30 .32
.20 .20 .20 .20

10 .o6o .o6o .045 .045
.020 .020 .030 .030
-030 .030 .020 .020
.015 .010 .010 .010
. o45 .o45 .030 .030

17 .o3o .03o •030 .030
x045 .045 .043 .045
.020 .020 .02) .020
.030 .03 .03) .030
.220 .220 .22) .220

7 .8 .80 .80 .8o
18 .250 .250 .2 ) .250

22 , 2
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3.0 APPLICATION TECHNIQUES

3.1 EVALUATE APPLICATION TECHNIQUES

3.1.1 Select Statistical Experiment Design

In selecting the statistical experiment design for evalution of tho
various capsule and spary parameters consideration was given to optimizing tie
number of variables that could be effectively evaluat -d yet keep the amount of
testing at a level where it could be accomplished within the program cost and
time constraints. It was decided that a two level fractional factorial experi-
ment design would best satisfy the needs of the program. A simple representa-
tion of the testing involved in a two-level fractional factored experiment i
illustrated in Table 3. This experiment design allows a complete evaluition
of the effect of eight factors and 13 two factor interactions. Interact ions
measured were between capsule diameter and all other factor, and betwen spray
pressure and the other seven factors. The resolution number of four li ted in
Table 3 refers to this fact that all of the primnarv factors and part ,,I t ,
interactions can be. measured. A resolution of five is the lighest with all t h
primary factors an, all the resolutions heing measured. Th numbers -1 and I
in the table ident fy the value of each actor being used f 'r a part ictlar

test. For example, in identifying the diameter of the caps iles those haviuw a
2 -5p diameter were designated -1 and those with a 2 0- 4OW di met-r were desici-
nated as 1. Due to the fact that 10 variables were identified as urwarrantin ,
evaluation the fractional factorial experiment was conducted three times.
Thus each of the 15 airfoil tests specimens was inspected a total of Q6
times.

3.1.2 1.elect Variables

Selection of variables for evaluation was lone in conjunct ion with se.l.c-
tion of the !,tatistical experiment design. As the number (,t fac~tors believed
to have an effect on the encapsulated penetrant application process inecreased
it becaie evident that a fractional factorial (xperiment design was required
in orde- to keep the effort within the time sco pe of ,he program. Even with
a fractional factorial experiment design not a I fact,,rs identified were e-val-
uated, to do so would have required a much Ion er period of time than was;
or ig in, I ly s, heduled. However, attempts were iade to gain info rmation on th,

effect ,)f tb. se factors, such as spra v nozzle ;Ize atd material i ced cup
pressure, on the sensitivity of the p ocess. le fa, tors sclect,.d for evil i-
tion will be discussed in the followinig paragraphs.

In Section 2.2 of this report in discussing the preliminary prod,ict iin -f

encapsulated fluorescent nonetrants, the three capsu e paramet r'; tha! w.t.
believed to play an important role in the sensit ivi t of the. en. ;iool I ,,-

penetrants were discussed. These factors wre, ,enet,an! , iz, jf i .
and capsule wall thickness. Since a two-level ract ona. f;o tir l ,t i,,,-0



Table 3. Fractional Factorial Experim-nt Desi gn.

FRACTIONAL FACTORIAL EXPERIMENT DESIGN - TWO LEVIS

Number of Factors = 3 Resolution =

lumber of Tests = 32

EXPERIMENTAL PATTERN FACTOR SETTINGS

rest # A B C D E F G H

1 -1 -1 -1 -l -t -1 -1 -1
2 1 -1 -1 -1 -1 1 -1 1
3 -1 1 -1 -l l i 1 -1 -1
4* 1 1 -1 -1 -1 -1 1 1
) -1 -1 1 -1 - I 1 1 1
6 1 -1 1 -1 - -1 -1 -1
7 -1 1 1 -1 -. -1 -1 1
8 1 1 1 -1 - 1 1 -1
9 -1 -1 -1 1 -I! -1 -1 1

10 1 -1 -1 1 -l 1 1 -1
11 -1 1 -1 1 -l 1 1 1.
12 1 1 -1 1 -1 -.1 -1 -l
13 -1 -1 1 1 -1 1 -1 -1
14* 1 -1 1 1 - 1 -1
15 -1 1 1 1 - 1 -1 1 -1
16 1 1 1 1 -1 1 -I 1
17 -1 -1 -1 -1 1 -1 -1 -1
18 1 -1 -1 -1 1 1 1 1

19 -1 1 -1 -1 1 1 1 -1
20 1 1 -1 -1 1 -1 -1
21 -1 -1 1 -1 1 1 -1 1
22 1 -1 1 -1 1 -1 1 -1

23-1 1 1 -1 1 -1 l 1
24 1 1 1 -1 1 1 - I -i
25 -1 -1 -1 1 1 -1 | 1
26 1 -1 -1 1 1 1 -I -1
27 -1 1 -1 1 1 1 -I 1
29 1- 1 - 1 1 1 1 1 1 - 1
28 -1 -1 -1 1 1 -1 1 -1
30 1 -1 1 1 1 -! -1 1
31 -I 1 1 1 1 -1 -1 -1
32 1 1 1 1 1 1 1 1

.~~~..... i



design was selected this imposed a limit of only two values for each factor.
As discussed in detail in Section 2.2 the penetrants encapsulated were ZL30A
and RC-77 with a capsule diameter of 2.5 microns and 20-40 microns and both
a thick and thin wall.

From preliminary work done at the Air Force Materials Laboratory it was
known that spray pressure and the distance from spray gun to part had a sig-
nificant effect on the sensitivity of the process. To select the two values
of these parameters which were to be used in the fractional factorial experi-
ment, preliminary investigation was performed. This involved spraying encap-
sulated penetrants on selected airfoil test specimens varying the pressure
and distance. Although this was not a statistically designed experiment it
became obvious that when the distance from the part to the spray gun was
greater than four to six inches, even at high spray pressures (80 psi), the
sensitivity was reduced. This, however, was also dependent on the size of the
capsules. For the small diameter capsules the sensitivity was reduced with a
distance greater than one to two inches. Therefore, two sets of values were
selected that would allow us to effectively evaluate both the small and large
diameter capsules; these were 1/2 and I inch, and 2 and 4 inches. This meant
that the fractional factorial experiment had to be conducted twice.

Preliminary investigation also revealed that even at a small spray gun to
part distance the sensitivity of encapsulated penetrants decreased with spray
pressures below 40-50 psi. Thus, for most testing spray pressures of 60 and
80 psi were used except, as will be discussed later, when using the DeVilbiss
EHP-603 powder spray equipment when pressures of 30 and 50 psi were used.

Other variables selected for evaluation included spray pattern, spray
time, and electrostatic versus conventional spray. A small spray pattern or
area was achieved in the conventional spray gun by closing the spreader valve
such that the spray emitted by the gun was not effected, in the powder spray
system this was achieved by setting the low vortex pressure at 0 psi. A largo
spray pattern or area was similarly achieved by settin g the s rc;d r valve at
approximately three-quarters and in the powder spray system by setting the
high vortex pressure at 30 psi.

Spray time is defined as the length of time a part icul,i so t il 0I th L
part is being sprayed. When this timo is complete the , u is m,,Lcd to a ITIh,,r

section of the part and spraved for a particular le,th of t imt~ . It deo,- u)t
refer to the total time required to completeIV spra\ a t,,it. Sll, V t iv os 5e-
lected were one and two seconds.

3.1.3 Select Equipment

As with selecting candidate materials for encapstilatiou, the first taisk
in selecting candidate spraying equipment was to contact the various manufa,-
turers of spray equipment, then identify the material to be sprayed and
receive their reconunendat ion!; as to what would best sIt is V tit' reqn it

The following manufacturers were contacted: Binks, DeVilbiss, Craco, Parsche,
and Aro. Of these the only one who responded positively was DcVilbiss. Thy
suggested the EHP-603 Electrostatic Hand Powder Spray Syst em. Phot ogI aphs ot
the equipment are given in Figures 40 and 41. The system consist,, of it
power supply which supplies electrical current to the e](ctrostatic i;prav tit- .
The output current is negative polarity direct current and is ajustable ttom
0 to 90 kilovolts. The pneumatic control cabinet contr<ils mast ftnctions of
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Th rough in iti1al ev,11alut ion and discuss ions with IDeVi lhiss it was deter-
mined that the powder spray system was limited hy design to a maximum preassir-

of 50 psi. Therefore, we could not evaluate this system at the des ired 60 and

80 psi spray pressure, thus, pressures of 30) and 50 psi with a sprav distance
of L/2 and 1 inch were used.

DeVi ibiss also provided a MBC sprav gun wi th a pressure feed clip and a

MGB spray gun with a suction feed cup. During, initial evaluiation it became

evident that the suction feed was inadequatte to prnv ide a :ontinluots flow of
powder and thtus it was eliminated fromn cons ide rat ion . All I va lia tion of tile
MBC spray gun and pressure feed cup was; done~ us ing a MBI-444-FX f lii d nra die
and an AV-15-FX tip which has an opening of 0.042 inch. ia>IY n

c us ion of the prog ram a MD1C -496-C f luid need I e and AX -64 I -AC ti p) wit1c 0h a all

opening of 0.110 inch wseautd hn iaiaa a

change in the sensit ivity of encapsulated pnntrants du,. to, ti hI it It-Un~t

tips; however, the frequetnt clogging that WAS exoT)"enod wi th thii -inal I t ip
size is significantly reduced when using tilt larger size.

3.1.4 Statistical Results

Having identified thle capsule and spray parameters to he eva ~i.rated, the,

spray equipment to he uised and tile statistical experiment deiitile next
task was to conduct the experiment and evaluate result,;. As ment i 'ned before

the two level frac tional factorial experi ment was cond tic ted three, separate
times. First, for the EHP-603 powder spra% sy' stem, scotid Iv, for tilie M!Ii

spray gun and pressure feed cuip using a spraY di sito ,tc of 2 and 4 inrches,
lastly, the MBC spray gun and pressure feed ctup with -i s praN disit and e Of I 1 2
and 1 inch was evaluated. To compare resi 1 ts het weep teacht system add i t etola' I
spraying was done using the pre ferred parameters oif each sys t em as i lent i f i ed
by the f ract ionalI factorialI experiment and stati 1st ical IY CM)IT comparing ite threecl

systems.

EHP-603 Powder Spray System - ResulIt s o)f the t wo-lIevel f raict iona I xpor i-
ment are given in terms of percentages represent ing tile cent ri hut ioni that each
factor had on the total sensitivity of thle process . Percent ages 1sstO an
three are not considered statistically significant. For thell,,i'-f10 system



the maiin f actor,; were: 20-40 micron capi-in Le dijameter rnst i tnting, S7.8 '
the total sensit ivitv, thin wall contributed 3. 8 5' ', eiica()stilato'd 71. (Apu-
trant had a percentage of 3.15Z, and 5(1 psi pressure was; slight lv hotteor tnin
'30 psi with 3.00.s. AllI other factors were not stat istical lv si gui ficant;
however, it wouild he most advantageous from an appl icat ions. staundpoint to i.
a l arge spray pattern and minimum spra v t ime . lTh is f ac i i t at es suihsoq ' ieut ex-
cess penetrant removal by minimizing the amount of penet rant on the surface (It

the part.

Pressure Feed System at 2 - 4 Inches - The signi ficant tact or,' ldent I
fied for this system were: 20-40 micron capsuile dijamet er wa.s t h- rliio a ,Tit ri-
butor with 85.8", ;id aI direct sprayi, as opposed to sprayvli aIt a"I:m.
contrihuting 8.37. None oif the remaining tf-actors proved to he staIt SI iou 1,lv1
significant. As with the E[P-th03 syvstemi~ it Would he mos)t aI(vant aen
maximize the sprav area and minimize the sprav time.

Pressure Feed System at 1/2 - I Inch - An; wi t-i th, prey uol two S' 'OS

the one most import ant factor in d etekIr minIIi ng thIie S e TI It V itV tv oftt ime- j prI-'

was the capsule di ameteor wi ih the 2(1-40 mi cron capsules (out ri hut in up e .97

the total sens-itivity. Al thouigh the large dian ter ca.-psilt are S t i 1 i-n
icantlY hotter than those havingP aI snaI! 1 diamei r tiiu'di !fm'r-eo , t a,
great as it was wi th the greater s pray listance . 'ThO ouuiv tlier , Iinni I an
factor in this system was that a sp1)raY dis;tance of ono-hall in-luI .oa : ri I.:
3,.3% was better than one inch . 'Thi is may have b- enl hc amsd 'aainc ra s,11et

sensitivity of the small diameter capsules, at oit-halI f Iich.

Comparison of the, TO -ee Systems - Using tjj* prm f' rrm .'ru'- 'o
tified above for each sysi em, to,, irit "'.t -.. r.- ][l

ssmsand stat istically compared. Resulits oIf these tes-ts ire 'm:ivm'n InIIOI
4. The ENP-603 system missed a total of four (1,f fc ts aind when coriparmI with
the MBC system at two inches, the total length o i IIdica'-It ion I a reic TI"Ow Z *I dII

6%. Both of these factors are signi ficant and t uhus letd to, t ii- conclIsi ji

that the -ens iti t v of the EHP-603 sys tem is- I -ss than for tin' >' '-1 stW

Both IiBC systems fouind the same number of tdefects aind t o tont ;11 I t

indications were comparable. At one halIf inch t he 1,-uptl o' inlicalt io' wi

approximately 1% less than at two inches . 'li is ,howvr, is no-)t S i gnu1 I "In t
and thus no statistical difference can be, seen between these t wo q vs t- .1I S

3.2 RECOVERY AND REItSE

(One of tie most attractivye potenti.:il hene-fit~s ot an enciapsuultI pu.
trant system jas the possihilIity of recovering and reus;iigalos 1001 ,f

the oversprav, Effort to identify a method of iecoveri n t -inl relisi up ucapt-
sulated penetiants concentrated on two fronts. A simple :iahortitor'c tvp'e -,pr-iv'
enclosure was const ructedl that woiuld allow inve-rtiipat-ion of thm' PropeilO '

the pos i-spra ied en-apsi a ted penet rants and a-ilso a Ilow re oveirv 101 or ei'

this program. A photograph of a typical spray ippl icatioei using! this eielo-
sure is shown in Fi gure 42. The second effort was ain IiIIduSt rv searchT 1-1 I

potent ial and/or avai lablIe moans of recovering and reprocessing powders In thi
size range of interest.
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Table 4. Sensitivity Comparison of Systems.

EHP-603 MBC SYSTEM MBC SYSTEM

PART SYSTEM @ 2 INCHES @ 1/2 INCH

S/N Run #1 lun #2 Run #1 Run #2 Run #1 Run #2

4 .030 .030 .030 .030 .030 .030
5 .020 .020 .020 .020 .020 .020
1 .250 .250 .300 .280 .280 .28o

3 .020 .020 .020 .020 .020 .02()

05 .045 .045 .04 5 .o45 .()/ q
12 1.000 1.000 1.000 1.000 1.o0(X 1.0(X)

.650 .650 .700 .700 .65o .650
10 .250 .250 .300 .300 ." .280

14 .400 .400 .400 .400 .I(o) _oo __ , ___ ....

15 .e-200 .200 .200 .2(X- .20o .2(X)
- - .060 .o, .045 o4
- - .O45 .030 .O() .030

.250 .225 .260 .26o .250 .27()

.44to .400 .450 .40o .46o .44( )

.300 .300 .300 .300 .3( •300

.200 .200 .200 .200 .200 .200

16 .0o45 .045 .O45 .O45 .045 . l57
.020 .020 .030 .030 .020 .020
.020 .020 .020 .020 .030 W0
.010 .010 .010 .010 .010 .010
.030 .030 .030 .030 .045 .045

17 .020 .020 .030 .030 .030 .0o30
.045 .o45 .o45 .o45 .045 .O45
.015 .020 .020 .020 .020 .020

.020 .020 ,030 .030 .030 .0o.30

.200 .200 .220 .220 .220 .200
7 .800 .800 .8o0 .800 .8oo .780
18 .250 .250 .250 .250 .250 .250

3.2.1 laboratory Findings

It became apparent early in the program that encapsula ed penetrants
would hive to be treated bofore they could be respraved. Pst-spraved
capsule; tendd to agglomerate significantly reducing their f lowabiIitv and
making respraying difficult. Part of this is (aust'd by ,le(trostatic attr.,k
tion between capsules. This is easily alleviat od by tho addition of an ali

static agent to tht sprayed capsules. Furthernore, at initial manutictir,
the capsules can b anti-statically treated whi-h would min mize this alt tra-
tion between capsules. Investigation also revealed that approximately t,- or
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less of the capsules were breaking during the spraying process. This releasd
oil mixed with the dry capsules causing the formation of aggregates. Before

reuse this free oil needed to be removed from the syitem.

3.2.2 Capsulate Treatment Method

Samples of the post-sprayed capsules were ;ubmitted to the encapsulating

manufacturers for ,valuation of reconditioning mnethods. The following methods

were identified. The first method involved siriply adding a small amount of

silica to the capsules. Silica absorbs the lo se oil and the resulting

capsules display very good flow characteristict. Before this method.u

used certain aspects would have to be evafluatec. The minimum amount of silica

that should be added to make the flowability of the capsules acceptable, the

effect the additioital silica has on the sensitivity of the process, and the

number of times cal-sules can be treated in this manner are questions which

were beyond the sc pe of this program that shot ld be addressed in subsequent

effort.

The :.econd method, although more involved than the ane just described,

may have 'he advantage of not reducing the lift- of the penetrants to the

degree of the first method. Again, this is an aspect that needs further
investigation. his method involves (1) washing the capsules with Freon TF to

remove the free oil caised by ruptured capsules, (2) drying the capsules, (3)

blending in a small amount of fused silica and an antistatic agent, and (4)

dry sieving the capsules.

3.2.3 Production Type Recovery System

Industry suirch of poider recovery methods revealed that there are pre-

sently available complete closed loop systems f r recoverin;, reconditioning,
and respraying 1.owders. Illustrated in Figure 43 is a s:hematic of a typical

system offered ty the DeVilbiss Company. The powder is applied in a spray
booth with the overspray powder being exhausted to a collector, the povder

then goes through a sieve and separator which i jects any large or for,.ign

particles. New and used powder is introiuced t) the powder conditioning tank

which in existing systems removes any moisture from the nowder and makcs it

fluffy. For !ncapsulated penetrants, this powder condit oning subsvstm
might have to include a w;ihing, drying, and si wing ope-ation. From the

powder conditioning tank, the powder is transfe red to a powder feed tnk aid
resprayed. An estimate ol the recovery capabil ty of such i system is between

95-98% of the overspray.

3.3 PILOT LOT PRODICTION

A, a result of the application technique eialtation de+cribed in section

3.1, a-ceptable ca ule parameters were identified. With this information, a

pilot iot producticon of encapsulated penetrant was ordered. The purpose of
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this pilot lot production was to demonstrate that the encapsulating process
could produce a consistent material and to provide sufficient material for
later production mode line testing.

The pilot lot material specified consisted of ZL30A in 20-40 micron
capsule diameter with a thick wall. Capsule wall thickness of this material
was slightly greater than for previous material, this also made the capsules
more rigid and thus more prone to rupture. wsap'-I' hreaag i inrr a pd

i ti-s tormutatton. Originally it was thought that a thicker wall would
produce a stronger capsule; however, it now appears that the best capsule
configuration may be a compromise between the thickness and flexibility ot
the wall.
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4.0 REMOVAL AND hELUI'R TECIN IQ1JLz;

4. 1 EVALUATE REMOVAL TECHNIQUES

Although the encapsulated penetrant system uses a dry itiateria 1,
particles do adhere to the surface oil parts and crea~ tt ohdipot i (iis I 1. I

ground fluorescence. This excess material mu St be remove-d III Orh"I '1 I-
duce an acceptable surface for inspect ion. It was or igi nail v mit iItA1"

that this excess material would be looselv held on the, sun ace 1l ti; pilt

and easily removed by blowing, brushingi, or vactium. HoweVer I',It III]-\

dent after in it iat ion of penetrant appl ica tion that there was a w t.

ence of the part ic les to the surface of tite part. Iii is is due, tI sr.It

factors. Some capsules will acquire a static charge as thiey exit tit, 'II III,:

thus be attn icted to the part . At the high applicat ion pressure, th,'r, 11
compact ing of capsules on the surtace of the( part . (At tire, lowet

this effect was significantly reduced). A small perce~nt..ge ot tit. -i;'- i.

will burst on impact with the sur face of the part and rel1ease o i. I h. I
oil must then be removed from the surface of the part.

Various inethods were eva luatedi to detterilli Ile te mos, I,) t et I I ikx

procedure. Brit shi ing w iitt eit her a so tIt or s t It b rush ir W I JI 1t I~ it . 1
cloth removed most of the particles that weIre iltisi L, 'Int hIit 11 1' ,I.

escent background wh i ch was ulnaccep~table. l owing w ith 'i~i ;A ''I

psi) also failed to significantly reduice [ie( I ure i Ie
with water at approixma tely 50 ps i atthough bet tecr tti;1 tu h. 1't V I t

ods still1 leftt a s igni f icant amount of background Whi I i tliii1 ,

D ipping or wip ing with a solvent such as 1 -1-1I t r i lit 11t 1111 w~l e. I, t.

to remove must of the background lbnt left t ioecu St rs ;i'.n1 III

of the part , but more s ignif icantlyv reduiced the stflit vI, t ",';th H

removing poetrant from some of the capJsule-s Inl dISCOtIt Ithe It is . j, I.

part wi tit a wate~r rn i s tened c loth , i cIt bouigh sorntwhrat di t t 1 '.1 I W Ii , ,'I 1

a- signi f icant amount ot pressure , wou ld adeqttat e(- I, -in ii t',I , I In-I ,11

to f ine surf ace f inishes ; however, reslIt s (tit pajrts ." Ii!toii'I "Ill I I

poor. Spraying with a 5solut ion oit /RlOA ettlilsit it- 111, W.Iti Uiti

(lid a very good job of adequl-ately removin tt he ixcoss ptt.- it'it It 1I 1 1.

wiping with a mild detergent soltion ripiiIl I-. it Ii t iv.- ini i 1
background ftioturs :enice. Tbis, was very simple to dto attil nut qIit- e Vt I ItI

pre s sure. Mos t deer rgetts would ( secem ttor(do a n ade'1uit t i jo b. lI h-- -%,- IIiI
inclutded a 5% solet ition ot ZR] hA ('milsi ier and a 1,,. or less so hit tn.!i

Gentle Fels and Ivory dish washinug li quid,,.

Certain things canl be iloit to tati Ii tate e-Xcess,, wn- lii ittri.ih

inclu rde minimmi zinug t hi s pray t ime to re4di t thit( nittbeor t tip sli , thait

lef t on tire- stirfact- , t reat in), the( capsit irs wi ti all an1t Is tat Ic Ilrtillft

reduce elect rostat i, att rct ion, and dl-s ign ing capsu Ies tlit woiel d 1- 1

suscept ible to riipt tire.
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4.2 EVALIATE DEVILOERI'I fUIIN IQUE-

Developers are employed in the convent ional penet ra it proc( e-., 1t' ( i."

penet rant from indications so that they will fluoresct more brighlt I wI i

still retaining their basic shape and thus be more visible to tit. t0spet
A deve loper is required to improve visibility of flaws because iII ti,, Il-
vent ional process some ot the penetrant is usually removed from I lhe i .iw .

ing during the emulsification and rinsing pi 1cedures. It was itlit t il, i ,",,

posed that tite encapsulated )enetrants would be held at tie 51t1- nI I
after application and would not be as easily removed during tilt ,.. * " ;
trant removal process. This should reduce the need tor tilt, i i, ,I ,

However, it became apparent during sensit ivity measurtmii.ts th.t ,%i, I,.

would be required to achieve MiL-1-25135 Group VI sIusi t lv IIv. ' i .it

was iiot expected that (levelopers would behave ill thc 5.111 w iv ,i ii, i, . . ,

peitet rants as they do with liquid penetrants. For ex;litl,, i ' I

wiili1 lie ,'xpected to display poor ;ensitivity sltc(' the, rely i, ,
"wick" the petietrant trom the discontinuities.

.;* veral deve.lopiig t echniques were evalltated to liet,. t ,.1.

inest ,'ittectiv. III achieving the requirtd stn:;itlvi ,t. Ni I,. I i I OI
,in ,.lrs.-c rdckl clhrol,, pane with iH-I100 l( ev. .l ,Ii -i, ,,'ill i ,: I. I

c a, :II 'Il et d I . lr I ,- eIII I ll i ent ( s l it L tt 1ii i i i t 1 .1 ,I , .I , 11

Ili l 1 tI It ,di sd .,ei s .t wet.'Jn ;Ird t lI,,ItI I ) t ti t iI. I I1) ..

V, r i - St ' er ,. * Il ;l IV 1it .1-h e0 It et lIV, w illli I . , I .I Ilt i\ , I

' , V 3 1, 111 V t' l { } L; d > 1' 1 h AC I S I I'I l~ II I ill' 10 1-1 ! { .1 1 1 :'- {I 1, 1l 1 ' 1 1 1 f

Sli, r-wi ,' ; ii) t-hek D-1i(0, Turco's Fltiro- c ck N A,\1, i1.i I l 'ixi , I ,
M A~t , .'llll [ I- S., ° D499) k. -iro equivale.nt. .%uIhscq( I n llt I lV I '! 1 . 1 7 [~ IT

sh,1 ') 'd I. 11" I ,'1 se se lvl t V {("' Wert. ,oq t l I to( .1 1,ll-- )1 (.1 oi. ,  ', I I . ,.

I [I I ; sstn . lhe, )It IV 10 1,1 thl o~tl W" t dc' ' ,p ' Vo III ) ' I ['i~i! ,td Illlit ':1 1 . 1,

I.' lt I v % , , r k W ,'. I , l i L . i ; lI I ,i t.,1 [;i 't. w hll I . .I;s , {i , , \ , i l w l : I: .

,' ' ,,,,'q w t [itl !,u111 ' J- 11. ,)It A rl ,'lI ,' , ' ' 1,1" t Ii -,WA , )t .. ..',. " ', ,

. 1 ; , wI l W l In ld r-,.l ~ !, Ih ,. ,I I I h .l,' ' v ,' '. 1 ) 1 1,11l 1 , ' n q Ik , I .

t It '1, "IW I I 1 k l I } Iltll o [ hII I III I 1 , ' ( o l iI I 1 l 's .

i 1iI l t]I . I Ii , il: ,1 h dI l" 1 %, l 'Tr 
,  

,l itI lii l 1i .'" II Iit -I .. .. I I I.

itt "Iit i' l dpi l I I id I illt %".I it It ,1.1 ) ,"1 .it Isll

I r V .'. ,1 ' - ( l I V .1 .' 1 ., 1 . 1 1 ' I

r , lI' , It ,1 I t I ' t hd ' I .I II ]t .. ' \,.",' it"l 1. l 1' t . 1 1, 1

[~~~ ~~~ IIt l I it. pt~i {11, 1{ 1" 1f' , l r ! t i'~ ) [ 1" *III t
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pentI, ri nt III tIe p/th. t ol lowing penetratt ap icat Jim th, ,.'arL will ,iiter
the II ,jorescvnt pvn.t r:jiit dw. 1 1 fitt ion where the JpWllt rout is allowed t o
dwel on the partm f r .I min uiimum I f 30 inut es. "'h Is Is t) Ilowed by the pre-
rinse stt1iton where ulos t of the excess penetrant is removed I rem the surbace
ot the parts. This being accomplished the parts then proceed to the hydro-

philic remover station where they are continuously sprayed or submerged in an
agitated solution tor a maximum of 90 seconds. The solution can range trom a

minimum of 3'/ concentration of remover to a maximum ot 50% depending on system
requirements. After the appropriate emulsification time the parts are again

rinsed to remove the emulsifier. If the parts are to receive a water soluble

developer they then proceed to the wet developer station followed by the dryer

station. However, if dry developer is to be applied to the parts the wet de-
veloper station is bypassed and the parts go to the dryer station fcllowed by

the dry developer station where the developer is electrostatically applied.

Finally, the parts are unloaded and are inspected.

A significant advantage of such a system is the greatly increased part

throughput. Further, human errors are eliminated thus increasing the overall
consistency of the process. Initial equipment cost including computer hard-

ware and software is relatively high for such a system.

5.4 AUTOMATED ENCAPSULATED PENETRANT PROCESS

Encapsulated penetrants would be most efficiently utilized in a coin-
pletely automated system. In such a system, the parts would be individually
loaded on a fixture in an automated, programmable conveyor. Processing of

parts in groups, such as in baskets, is not believed to be feasible since all
surfaces of the part need to be accessible. Penetrant application is accom-

plished by spraying the capsule on to the part at high pressures (60-80 psi)
at a short distance (4 inches maximum). The parts and/or nozzle may need to
be manipulated such that all surfaces of the parts are exposed to a direct

spray. Part of the penetrant application station would be the powder re-
covery, reconditioning, and reuse system described in Section 3.2.3. Excess

penetrant removal may be accomplished by automatic brushing, wiping, or spray-
ing with a light detergent solution followed by a post-rinse to remove thc
detergent. The parts would then be dried and a nonaqueous wet deve loper ap-

plied. A nonaqueous wet developer is presently necessary to attain the re-
quired MIL-I-25135 Group VI sensitivity. Parts are then unloaded and in-

spected.

As with the automated liquid process the main advantages of this system
are an increased part throughput and the reduction of human error. The en-

capsulated penetrant system also has tho added advantage ot eliminating the
30 minutes dwell time. Based on present knowledge, the main disadvantage oi
such a system would be inability to process parts with complicated geometry,
the need to individually manipulate the parts, iiod t t,, need to u;4. nonaqinous
wet developers. The cost of such a system sdit:ld I, :ini lIr to an automa1ted

conventional penetrant system.
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').t ECONOMIC ANALYSIS

.). 5.1 Ausump~t ioils

Iconomic evaluation of the above three systems was divided into three

parts; material cost, labor cost, and equipment cost. A TF-39 Stage 6 com-
prissor blade and TF-39 Stage 1 high pressure turbine blade were used to de-
terinine average spray time and usage rate. These blades were chosen since
they represent different geometric complexities, the compressor blade being
relatively simple, and an average size. For the automated systems the pene-
trant application time was assumed to have the longest lead time and thus be-
came the limiting item determining part throughput. The required performance
of the AFPPF was used in determining spray time and thus part throughput.
it was assumed that with sufficient spray nozzles and part manipulation part
throughput for the automated encapsulated penetrant system can he mnid thc
same as for the conventional liquid penetrant system. Part throughput for
the manual liquid penetrant system is the average throughput being experi-

enced at the Air Logistic Centers. Cost of liquid penetrant, emulsifier, and
developer is the current price for bulk purchases of these materials. Assumed

cost of encapsulated penetrants is the lowest cost currently quoted by the
supplier for production quantities (1000 Ib or more) ot a MI1L-1-25135 Group VI

liquid penetrant. In the automatic liquid penetrant system both the penctr l

and developer are assumed to be electrostatically applied.

5.5.2 Equipment Costs

Present estimates are that the initial cost ot equipment for both the
automated liquid and encapsulated penetrant systems will be equivalent. The
savings that the encapsulated penetrant method realizes by the elimination ot
certain stations, such as penetrant dwell and prerinse, are otfset by the

higher cost of the penetrant application, recovery, and reuse station. It

is assumed that the computer hardware and software would be ,,quival hn lor

both systems. Approximate equipment cost tor either system is ill tlie ranc
of 400,000 to $500(,(t000. Since no computer or special conveyor is required

lor the manual liquid system, the initial equip)ment cOst is signit icantlv re-
duced . Present estimates ot the cost ot such a tvpical system is approxi-

mately $60,000.

5.5.3 Material Costs

5.5.3.1 Penetrant

5.5.3.1.1 Manual Liquid System

Penetrant is applied by dipping or by spraying but electrostatic applica-
tion is not used.

Average material usage - 0.0017 gal/part (measured)
Cost of ZL30A - $20.24/gallon (55 gallon drum)
Cost of penetrant - $0.034/part
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5.5.3.1.2 Automatic Liquid System

It is assumed that no penetrant will be recovered for subsequent reuse.

Flow rate - 0.027 gal/minute (manufacturer data)
Average spray time - 2.4 seconds
Number of spray nozzles - 2
Amount material required - 0.0022 gal/part
Cost of ZL30A - $20.24/gallon (55 gallon drum)
Cost of penetrant - $0.045/part

5.5.3.1.3 Automatic Encapsulated System

It is assumed that 96% of the capsules are recovered.

Flow rate - 0.07 oz/second (measured)

Average spray time - 2.4 seconds
Number of spray nozzles - 4
Amount material required - 0.672 oz/part
Material lost (assume 4%) - 0.0269 oz/part
Cost of encapsulated ZL30A - $18.66/lb.
Cost of encapsulated penetrants - $0.031/part

5.5.3.2 Remover

5.5.3.2.1 Manual Liquid System

Average usage rate - 0.0005 gallon/part (measured)
Cost of ZE4A Emulsifier - $10.31/gallon (55 gallon drum)
Cost of emulsifier - $0.0052/part

5.5.3.2.2 Automated Liquid System

Average usage rate - 0.0003 gallon/part (measured)
Cost of ZRIOA Remover - $9.09/gallon (55 gallon drum)
Cost of 20% dilution - $1.b2/gallon

Cost of remover - $0.00055/part

5.').3.2.3 Automatic Encapsu lated System

Average usage rate - 4.0 fl oz/part
Cost of deter),ent - S8.04/ga lIon (5 gal loi drum)
Cost attor 0.2% dilution - $0.016/gallon
Cost of detergent - $0.0005/part
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5.5.3.3 Developer

5.5.3.3.1 Manual Liquid System

Average usage rate - 0.0005 gallon/part (measured)

Cost of ZPI3A water soluble developer - $1.15/lb (100 lb lots)
Dilute 1 lb powder with I gallon water
Cost of water soluble developer - $0.00058/part

5.5.3.3.2 Automatic Liquid System

Average usage rate - 0.1 gram/part (measured)
- 0.00022 lb/part

Cost of ZP4B dry developer - $2.55/lb (25 lb bags)
Cost of dry developer - $0.00056/part

5.5.3.3.3 Automatic Encapsulated System

Flow rate - 8 fl oz/min. (manufacturer data)
Average spray time - 2 seconds (measured)
Number of spray nozzles - 2
Amount material required - 0.00416 gal/part
Cost of D499C nonaqueous wet developer - $20.(0/,al lon
Cost of developer - $0.0832/part

5.5.4 Labor Costs

in evaluating labor costs the hourly rate is that presently used at ALC's.

Part throughput - 1.15 parts/minute
Hourly rate - $11.64/hr

Labor cost - $0.168/part

5.5.4.1 Automatic Liquid. System

Part throughput - 25 parts/minute
1h(urly rate - $11.t4 hr

L;bor cost - $0.0078/part

5.5.4.2 Automatic Encapsulated System

Part throughput - 25 parts/minute

Hourly rate - $11.64/hr

Labor cost - $0.0078/part
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5.5.5 Summary

The table below summarizes the labor and material per part cost tor to'

three systems:

Manual Automated Automated

L qu id. 1L i L i d LnyC d) , a t ed

Labor $0. 168 '?O. 07> S0.00)h
Penetrant $0.034 $0.045 1.()
Remover $0.0052 $O.00055 $ .(O(:
Developer S0. 0005 8 50.00056 0 . O6 32

Total $0.2078 50.0539 5). 127

As can be seen the automatic liquid penet rant system would he the moost ost
effective followed by encapsulated penetrants and tinallv the manual liquid
sst em. The cost of the encapsulated penetrants was ba. oid on onw psu it .,
ZL3OA; other dye soluti(ns have been successully encapsltilatld with ii), I,'-
sulting cost being approximately 355. lower. Encapsulation munlt,|ct ure.rs ai,
also giving serious consideration to modifving the structure )I the cau
wall which will allow the dye penetrant to be released with less cost iv :.it,-

rials than conventional nonaqueous wet developers.

5.6 ENVIRONMENTAL IMPACT

General E-lectric's Industrial lygiene and Lnvironrli'nt ol k ualitV' ' o I -

zations were asked to evaluate and id. ntity the potentia l ho It aho ,liv -
mental problems of using encapsulated penct.rants. Neither orgalnizl t Ion i ,t,
saw any problem in approving tihe use of encapsulated piolntraits wi,. is.d in

conjunction with an exhaust and recovery system. Since t lictipt-l i.,
t rant won Id be reused, the exhanust and ro CVe iv o t h' p ,wd,,r wOil,1 .3 Itr ldv
be an integral part of an encapsulated penetrant sveltt-w St . 0ont' d r . I t ,
spraving (without recovery) would be allowed, such ,is ii isI 1,l1 1l' ,l

but due to the relative ease of the (apsules to bit n tithl l),' it wilIJ
necessary to use an exhaust system in a] I instalcos. itlc djisi lilt .d p 1,1

t 
louts

ore no more or less toxic than 1 iquid penetrants ttiis th, s5015 I-tstI i t ll

apply to both systems.
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6.0 CONCLUSION AND RECOMMELNDATIONS

It has been demons trated that thle SeilS it iVity Of cocIapan h;itked penit- rans
is equivalent to a MIL-1-25135 Group VI liquid penetrant system. Application

parameters and techniques for achieving this sensitivity have beent identilied.
Demonstrated advantages of encapsulated penetrants over tile conventional
liquid penet rants inclhide a significant rkednct ion of penet rant.h Medt onl t Iroll

cooling air holes in hiigh pressure turbine blades. Th is hilted out probl1em

makes liquid penet rant inspect ion ot the area surrounding the holes di t IicnIt.

Liquid pene trant s must be completely processed and insiptc d w ithin a spfee-,I
fied period of time Ii order to achieve their ftnll Senlsitilvity. ()ine ot the,

advantages of encapsulated penetrants is that it developer is not apI i

imediately the parts can be stored for at periOd ot days Or weeOks andl~ then'
developed with no apparent toss in sens it ivitv. Anothe r ad vant age of*napi
hated penetrants is the( el iminat ion of the( thiirt y Imili te pcnt ranit dwell t loe

Since encapsulated penetrants do not rely On capi Ilary act i n t,)uto tilt,

dJiscontinititios but rather are, torceil at high presstiri s in1to ti 'crcstl
exc ess stirface pene trant can be remov-d immoiiatty i t t,.r ,pplik-cation.

Potent i advantages ot eiicapsii Kited pent lr. tits haive also et ien-t I-

fit d. Fu rt her evaluat ion would he reqpliired to (1 mnlo 1!t rate I tan i hi it v )I

these, appi icat lins. PresenitlI liquidl lenitranits canl 1nit IW 11-d 111 c"it.

plast ics becaitse tile oils at tack them. lL ca 1is I I teod 11,11t ranlt! a1pp i ici :I,

drv powdler wonuld eliinfat e this proh 1t'ifl. Vur t h i , itIc s th s i

occur, a f lioresct'nt material that is not harimtnl to p itI( s, bain Ile

lat ed. Liquidt pen-t rants honve to be used with Inl a crLt iii tinipf-at tit- rlnce.

A~t low temperoture tilt, capi i iary act. ion is reduce-(d ant tie, it I. iiaxnot ,tt ilt

tiit( di ;ciiut iii, it i e and at it igh t ompira ttirts soinc ot iit vii it I I t so, I vet s

inl thit penttr.,nts will evaporate thins rtdiicing, the t I iiitsiic itw pc

trant . Since encai)siilattd lionett-rants ii 1 , not 1 xi W oi l pii lily 1, 1''11 fc ii 111 -

(iscont mni ios , 11ii i 11. th IT a11;t low tm iriii . o iuII ;-- is , po i *r1,1. 1 1:
i ll i t i t li i a d n ai t sI is cimpii t I t . ,[ I lw - i in ii. , ) I vi an

tvalporato ,at hiigli tftinjt'rntiires and.( thtretir-, tinIiiitiwi ii tinpntti

is not cii mnpeitd

WOK- r i~ k I FI ItuitW ti date L'Itlid icts , s-ve ra I (I i s Iidvai i I 1 d I t I . Iii it d

pl- iet ran I] s ive r t It cuiuvtit i I n 1 ) i q i Ii p nice>; s . An - Ie i ,,i ia

I a teod pin - t rauit s ro Iv on (,t1 r rct to I Om Ci ti T, k n 1- 1i i t 11. in 11 ,Toit I

Foiti5 I t t;IIii tinl tt ii I s - ens it Iv It , . I u lt Iv IV d Ill I t I . tit h b

Ipp tou ti al it tic I I ( t the4 ; ar t , thus I II ,, sII-t. ;ic-..l-I Ill Ir - i-it lv

ic ot s Iilij t aI -s 1 ,li 1 it v. I'll I uii WW- ' II( fik,. 1ItItI wit mnp I i 1 . - ,1 1.itl- t Iv

ve-ry t Ifi (-it I (r impuiss iblt- ti ) prii)c t -ss. h,-on 11ITt I WI t II ilI hi , IlWt I V JxI-t

ex IT- t ii t 0i rein i re- id I v (i I I i m i i i I aII It I n I t .ix i .1 1 x 1 1 a I 1i11

sp)ray'I. 'Ii h i sI in conlt ras t w IIt I lIu Ii J-iutti1.1!11 t" W ir. t tI 161 1 11 it I It

is; ri-il Ii rueh .iiii palr t c an1 bti pi I t,4. s k tit 1 ii p1r IM, I),; I, .Iit Ii vu h, I te (I .,

siou i t iv it v w ithI ti- ilrru'-nt viii apsiilat t petit-nfI ran [t j- -I - 1'l .1, i iu . i- "I;

dlvl ,I ,tr Iit -,1, ti , i i:;i-ui. 'I t ii ipl i ( nt , I 1 1 1 . .Iv I- I Ti , u Ix-

rte'- (it tir ti it I 1 o t t(nmIu cIi iv Iit t p.- tt t in- pr.c,--[It Ho ilw u,

0tt, 1i 1 - I ll Ii T ) ri thu [it-tc t tuir it. h ii iui is Wi -1 wt V
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resent Iyti encapsulated penetrant process is nlot ; Iiii' dry

process as orpiginal Iy C once ived . Some capsules do break whien they ini1pa ct tile
surface of the' part , thus releas ing oil. Dry removal1 techniques evaluated
were' not effectivye in eljim inat ing ba ckg rou nd fluorescence , thus a wet remonvalI
ml, iLod needs to be used . Finally, to attain the highest sonsii Vi ty V non-
aqueous wet developer is needed. If encapsulated penet rants are to be con-
s idered for use on a product ion basis the problems anti disadvantages idt'nit i-

fit'd need to he evxiluated and resolved. TfhiS should pr iriai- 1 v involve thc
elfect of additional encapsulating media and capsule characteristics. IfI-_
fertot1 chiaracterist ics can be designed into the capsules wh ichi may make, themi
more flexible, less susceptible to rupture, easier to remove from thl' ,jrface,
anld eliminate thle need for nonaqueous wet developers. Add it iona lly, further
invest igat ion shoulid be performed on ti(e of fuCt (1 tpnVreodi itninm
methods onl tile -sensi tivity of the process and onl tihe limits. ol to ler,inc.we~

le process parameters.
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